Several studies indicate that maternal undernutrition sensitizes the offspring to the development of metabolic disorders, such as obesity. Using a model of perinatal maternal 50% food-restricted diet (FR50), we recently reported that rat neonates from undernourished mothers exhibit decreased leptin plasma levels associated with alterations of hypothalamic proopiomelanocortin system. The present study aimed at examining the consequences of FR50 on the brain-adipose axis in male rat neonates. Using quantitative RT-PCR array containing 84 obesity-related genes, we demonstrated that most of the genes involved in energy metabolism regulation are expressed in rat gonadal white adipose tissue (WAT) and are sensitive to maternal perinatal undernutrition (MPU). In contrast, hypothalamic gene expression was not substantially affected by MPU. Gene expression of uncoupling protein 1 (UCP1), a marker of brown adipocytes, showed an almost 400-fold stimulation in postnatal day 21 (PND21) FR50 animals, suggesting that their gonadal WAT possesses a brown-like phenotype. This was confirmed by histological and immunoshistochemical procedures, which demonstrated that PND21 FR50 gonadal adipocytes are multilocular, resembling those present in interscapular brown adipose tissue, and exhibit an overexpression of UCP1 and neuropeptide Y (NPY) at the protein level. Control animals contained almost exclusively "classical" unilocular white adipocytes that did not show high UCP1 and NPY labeling. After weaning, FR50 animals exhibited a transient hyperphagia that was associated with the disappearance of brown-like fat pads in PND30 WAT. Our results demonstrate that MPU delays the maturation of gonadal WAT during critical developmental time windows, suggesting that it could have long-term consequences on body weight regulation in the offspring. maternal undernutrition; neuropeptide Y; uncoupling protein 1; peroxisome proliferator-activated receptor-␥ coactivator-1␣; adipose tissue programming A LARGE NUMBER OF EPIDEMIOLOGICAL studies have revealed a robust association between poor growth of the fetus/neonate and the subsequent development of type 2 diabetes, hypertension, and obesity. These findings have led to the developmental origin of health and disease hypothesis, which states that an adverse perinatal environment programs or imprints the development of several tissues, permanently determining physiological responses and ultimately producing dysfunction and diseases later in life (5, 18, 46, 48) . It is clear that altered weight gain during the perinatal period, due to over-or undernutrition, can significantly alter body weight in adulthood, but factors and/or mechanisms responsible for the development of abnormalities remain unclear. Intense attention has been focused on food intake itself, as well as the hypothalamic mechanisms that may be involved. In rodents, a large body of evidence suggests that hypothalamic "malprogramming" begins in utero, but continues in early postnatal life during the suckling period, leading to a disturbed organization and, consecutively, longlasting dysfunction in adulthood. For example, it has been shown that several modifications of energy status of the fetus or neonates, such as uterine artery ligated rat dams (41), perinatal low-protein-fed rat dams (39, 40), gestational diabetic rat dams (37, 38), undernourished rat dams (8), and perinatal over-and underfeeding neonatal rats (17, 32, 33) , permanently alter hypothalamic nuclei structure and appetite programming system in later life. In contrast, little is known about the consequences of maternal perinatal undernutrition (MPU) on metabolic adaptations in peripheral tissues of the offspring.
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Since the discovery of leptin in the mid-1990s, interest has been aroused in feedback mechanisms between adipose tissue and the hypothalamic circuitry. Two types of adipose tissue coexist in mammals (10) . White adipose tissue (WAT) has an essential role for storage of energy in the form of triacylglycerol. In situations of deficit, such as fasting, lipolysis in WAT controls the supply of energy to the body through the release of fatty acids into the plasma. Although it shares many features with WAT, brown adipose tissue (BAT) is specialized in adaptive thermogenesis, i.e., the regulated dissipation of energy as heat in response to cold and diet, through the oxidation of its stored lipids linked to the activity of uncoupling protein 1 (UCP1). UCP1 is a BAT-specific inner mitochondrial membrane protein capable of dissipating the proton electrochemical gradient generated by the respiratory chain during substrate oxidation, thus uncoupling oxidative phosphorylation (9) . Brown adipocytes are rich in mitochondria, have cytoplasmic lipids arranged in numerous small droplets (multilocularity), and express high levels of UCP1, while white adipocytes do not express UCP1, are poor in mitochondria, store lipids in a unique big droplet (unilocularity), and have a low oxidative capacity. In rodents that belong to altricial species, the development of white fat depots is delayed and occurs almost exclusively during the postnatal period immediately after birth (2) . In contrast, interscapular BAT (iBAT) develops precociously during fetal growth to provide the newborn with protection from cold exposure (49) .
It has recently been suggested that the adipocyte is not just a place for storing energy as fat, but is also an endocrine cell, secreting cytokines and hormones associated with the control of energy balance (1, 54, 55) . Interestingly, many appetiteregulating related peptides or receptors have been found to be expressed in human visceral adipose tissue (VAT), suggesting that they could contribute to play important roles in regulating appetite via both endocrine and autocrine/paracrine systems (58) . It has thus been proposed that these factors may act in an autocrine/paracrine manner to regulate adipocyte metabolism and, as endocrine signals, to regulate energy homeostasis.
Several studies indicate that the long-form leptin receptor gene (Ob-Rb) is expressed in adipocytes and that leptin may exert autocrine/paracrine actions on both BAT and WAT. In mice, it has been shown to stimulate gene expression of peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣), a factor activating UCP1 gene transcription, in isolated white adipocytes (25) . Using pharmacological concentrations, leptin has also been demonstrated to increase the rate of lipolysis on WAT fat pads from lean Zucker fa/fa rats and to augment malic enzyme and lipoprotein lipase mRNA levels in primary cultures of brown adipocytes, suggesting that it may exert direct actions on both WAT and BAT (45) . The use of a knock-out approach to reduce the expression of leptin receptors specifically in WAT showed that mutant mice, despite a normal level of leptin receptors in hypothalamus and normal food intake, developed increased adiposity, decreased body temperature, hyperinsulinemia, hypertriglyceridemia, and impaired glucose tolerance (24) . In addition, the mutant mice were significantly more sensitive to high-fat feeding with regard to developing obesity, suggesting that the abolishment of leptin action in adipocytes results in the development of metabolic diseases.
To our knowledge, very few studies have investigated the consequences of perinatal nutritional alterations on adipose tissue morphology, gene expression, and physiological functions. It has been shown that maternal protein restriction during pregnancy and/or lactation leads to development of increased visceral obesity in adult male rat offspring (20, 42) and modifies adipose tissue gene expression that may account for the increased susceptibility to develop obesity in the presence of a hypercaloric diet (7, 20) . Maternal protein restriction has also been demonstrated to increase the rate of preadipocyte proliferation in adult male rat offspring (60), whereas it did not affect the capacity of preadipose cells to divide or store fat in fetuses, neonates, and weanling animals (6) .
Using a model of perinatal maternal 50% food-restricted diet (FR50) in the rat, we have demonstrated recently that the postnatal peak of plasma leptin observed between postnatal days 3 (PND3) and 14 (PND14) in control rats, was dramatically reduced in FR50 pups (15) . In addition, in PND21 FR50 animals, we observed a drastic reduction of proopiomelanocortin (POMC) nerve fibers projecting to the hypothalamic paraventricular nucleus. To get more insight into the effects of FR50, the present study was undertaken to explore the effects of MPU on the development of brain-adipose axis in FR50 male rat at weaning. As a first step, we assessed whether MPU modifies the gene expression of 84 factors and neuropeptides involved in the regulation of food intake and energy expenditure, both in gonadal WAT and in hypothalamus. Since the major modifications of gene expression were observed in WAT, we also examined the consequences of MPU on the phenotype of gonadal WAT in rat pups. This study sheds new lights on the way by which MPU programs the gene expression and the development of WAT and confers a "brown-like" phenotype of gonadal WAT in male rats at weaning.
MATERIALS AND METHODS

Animals.
All experiments were conducted in accordance with the European Communities Council Directive of 1986 (86/609/EEC). Animal use accreditation by the French Ministry of Agriculture (No. 04860) has been granted to our laboratory for experimentation with rats. Adult Wistar rats were purchased from Charles Rivers Laboratories (L'Arbresle, France) and housed (5 per cage). Animal rooms were maintained on a 12:12-h dark-light schedule, and animals were permitted free access to food (regular rat chow no. 113, UAR, Villemoisson sur-orge, France) and tap water.
MPU. Two groups of pregnant rats were studied. In the control group (CTRL; n ϭ 15), dams were fed ad libitum during gestation [from embryonic day 1 (E1) to E21 for fetuses] and lactation (from PND1 to PND21 for pups). In the food-restricted group, females (n ϭ 16) received 50% of the daily food intake (FR50) of CTRL mothers from E14 until the end of lactation, as already published (31) . Dams delivered spontaneously during the night between E21 and E22, and litter size was adjusted to eight pups per litter in both groups. Each litter usually contained between 7 and 13 fetuses. Experiments were conducted only on male pups. Rat neonates were weighed at PND4, PND7, PND10, PND14, PND17, PND21, and PND30 and killed at PND10, PND21, and PND30. The food intake was evaluated at PND22, PND23, and PND24 by measuring the difference between the amount of food provided at the onset of the light cycle and 24 h later. To obviate any litter effects, animals used for each experiment were randomly chosen in different litters, and only a limited number of animals (n ϭ 1-3) were used from each litter.
Plasma and tissue collections. At each stage (PND10, PND21, and PND30), pups were rapidly weighed and decapitated between 800 and 1100. Trunk blood samples were collected in tubes prerinsed with 5% EDTA and centrifuged. Plasma samples were stored at Ϫ80°C until determination of circulating leptin. Hypothalami and adipose tissues (gonadal WAT and iBAT) were weighed, frozen in liquid N 2, and stored at Ϫ80°C until quantitative reverse transcription polymerase chain reaction (RT-qPCR) experiments. For histology and immunohistochemistry, WATs and BATs were postfixed for 24 h in 4% paraformaldehyde in phosphate-buffered saline (PBS) and cryoprotected by incubation for 24 h in PBS 0.05 M containing 20% sucrose. The adipose tissue was cut into serial 10-m sections, mounted on SuperFrost Ultra Plus slides (Thermo Fisher Scientific, Courtaboeuf, France), and directly stored at Ϫ80°C until use.
Leptin measurements. Leptin plasma levels were measured with a conventional two-site enzyme-immunoassay ELISA (active murine ELISA, DSL, Cergy-Pontoise, France), according to the manufacturer's protocol. At each stage (PND21 and PND30), at least eight rats have been used both in CTRL and in FR50 groups. Each point has been measured in duplicate using 100 l of plasma. The assay sensitivity was 0.04 ng/ml, and the intra-and interassay coefficients of variation were 5.4 and 7.3% respectively.
Gene expression analysis. Hypothalamic and WAT gene expression was determined in male rat pups at PND21 using RT-qPCR, as described and validated previously (3). RT-qPCR assays were performed using the Rat Obesity RT2 Profiler PCR Array (SuperArray Bioscience, Frederick, MD, USA, http://www.superarray.com) on a Roche Lightcycler 380. Data analysis is available at the company website (http://www.superarray.com/pcr/arrayanalysis.php). Briefly, RNA was extracted and purified from hypothalami and gonadal WAT of both PND21 CTRL and FR50 animals using the TRIzol reagent (Gibco BRL, Strasbourg, France). The quality of total RNA was assessed by determining the 260/280 absorbance ratio and by agarose gel electrophoresis. An equal amount of total RNA (in g) isolated from a particular tissue was pooled for each treatment group (n ϭ 3 animals/ group). First-strand cDNAs were generated using RT 2 First Strand Kit (cat. no. C-03, SuperArray). For RT-qPCR, first-strand cDNAs were added to the RT-qPCR Master Mix (SuperArray Bioscience). Samples were heated for 10 min at 95°C and then subjected to 40 cycles of denaturation at 95°C for 15 s and annealing and elongation at 60°C for 1 min. Relative expression values between FR50 and CTRL animals were determined by the following rule: for each sample, we calculated the difference between the cycle threshold (⌬CT) values for the gene of interest and housekeeping genes (hypoxanthine guanine phosphoribosyl transferase, lactate dehydrogenase A, actin B, and ribosomal protein L13A). Finally, fold change of interrogated gene expression in each tissue was calculated as fold change ϭ 2
Ϫ⌬⌬CT
. The results are expressed as scatter plots, and only genes whose mRNA levels changed more than threefold in either direction (up-and downregulation in FR50 vs. CTRL, respectively) were selected.
To confirm the results obtained using the Rat Obesity RT2 Profiler PCR Array on pooled samples, we analyzed UCP1 and neuropeptide Y (NPY) gene expression in gonadal adipose tissue of FR50 (n ϭ 3) and CTRL (n ϭ 4) male rat pups at PND21 using RT-qPCR. These samples were different from those that have been used for PCR arrays. Relative expression levels of RNA per sample were quantified by SYBR Green I assay on Roche Light Cycler 2700 sequence detection assay (Meylan, France). For each transcript, PCR was performed in duplicate with 10-l reaction volumes of 1 l of cDNA, 8 l of mix, and 1 l of each primer set (Table 1) . PCR was conducted using the following cycle parameters: 2 min at 50°C, 10 min at 95°C, and 40 three-steps cycles of 15 s at 95°C, 20 s at 50°C, and 20 s at 72°C. The assay was performed following the manufacturer's recommendations, except that the reaction volume was reduced to 10 l. A pool of cDNA from CTRL tissues was used as a standard (in threefold serial dilutions) for quantitative correction. All cDNA samples were applied in dilution of 1:10 to obtain results within the range of the standard. Each sample was evaluated in duplicate. Analysis of transcript level was carried out using first the determination of the threshold cycle CT for each reaction corrected by the efficiency. Then the ⌬CT was calculated by subtracting the mean CT of the calibrator from each value of CT for each gene. The amount of target relative to a calibrator was computed by 2 Ϫ⌬CT .
UCP1, NPY, and tyrosine-hydroxylase immunohistochemistry.
Sections from PND21 FR50 and CTRL WATs and BATs (n ϭ 6 rats/group) were incubated overnight at room temperature in the primary antibodies at the appropriate dilutions in PBS containing 0.3% Triton X-100 and 10% lactoproteins. The rabbit NPY antiserum was generously provided by Dr. Philippe Ciofi (Institut Francois Magendie, Bordeaux, France) and was used at a dilution of 1:500. The rabbit antiserum to UCP1 (ab10983, abcam, Cambridge, MA) was used at a dilution of 1:500. The rabbit antiserum to tyrosine-hydroxylase (TH) (208020234, Institut Jacques Boy, Reims, France) was used at dilution of 1:500. Labeling was revealed with secondary antibodies conjugated to fluorescein isothiocyanate (1/400, Jackson Immunoresearch Laboratories, Interchim, Montluçon, France) for 2 h at room temperature. Observations were made on a fluorescence microscope (Leica DM IRE2) using an image analysis software (Adobe Photoshop 5.0). Negative controls were performed by omitting primary and/or secondary antibodies. The specificity of primary antibodies was also tested by substituting primary serum with normal serum from the same species at the same concentration. Under these conditions, no detectable staining was observed.
Histology of adipose tissue. Sections (10 m) of WAT and iBAT from both CTRL (n ϭ 6) and FR50 animals (n ϭ 7) at each stage were stained with hematoxylin of groat and phloxin (2%), according to standard laboratory protocols. Sections were examined using light microscopy (Leica DM IRE2).
Statistical analysis. All data are presented as means Ϯ SE. Statistical analysis was performed using two-way and one-way ANOVA and post hoc comparison by Dunnett's test. P Ͻ 0.05 was considered significant. Analyses were performed using SigmaStat software (Systat Software, Port Richmond, CA).
RESULTS
Body weight and growth of neonates.
Pups from undernourished mothers exhibited lower body weight than CTRL animals throughout the weaning period ( Fig. 1) . At each stage examined, the body weight of male newborn pups differed between the FR50 and the CTRL groups (P Ͻ 0.001). In addition, marked weight gain differences were observed throughout postnatal developmental stages investigated. At PND4, FR50 body weight was reduced by 20% compared with CTRL, whereas it was decreased by 30% in PND7, 38% in PND10, 55% in PND14, 52% in PND17, 52% in PND21, and 56% in PND30 animals. These data suggest that lactation efficiency, which reflects the velocity of growth during lactation, was reduced in offspring from undernourished mothers.
Adipose tissues weight and leptin plasma levels. iBAT and gonadal WAT were both weighed in PND21 and PND30 FR50 and CTRL male pups (Table 2) . Compared with CTRL, FR50 WAT mass was drastically reduced both in PND21 and in PND30 rats, respectively (P Ͻ 0.001). iBAT mass was also diminished in FR50 compared with CTRL rats, both at PND21 and at PND30 (P Ͻ 0.001), although to a lesser extent. The WAT/body weight (expressed in mg/g of animal) ratio was also significantly reduced in FR50 compared with CTRL, both at PND21 (P Ͻ 0.001) and at PND30 (P Ͻ 0.001), respectively ( Table 2 ). In contrast, compared with CTRL, the BAT-to-body weight ratio was not significantly different, both in PND21 FR50 and in PND30 FR50 pups. Although leptin plasma levels were also reduced in FR50 compared with CTRL pups at PND21 (P Ͻ 0.05), they did not exhibit significant differences between pups from undernourished mothers and CTRL animals at PND30 (Table 2) . Postweaning food intake. Immediately after weaning, absolute (gram of food intake per animal per 24 h; Fig. 2A ) and relative (gram of food per gram of animal per 24 h, Fig. 2B ) food intake was recorded both in CTRL and FR50 PND22, PND23, and PND24 pups. Although absolute food intake was reduced in FR50 animals at each stage examined (P Ͻ 0.001), relative food intake showed that FR50 pups exhibited a mild hyperphagia at PND23 (P Ͻ 0.001) and PND24 (P Ͻ 0.001). At PND30, no differences in relative food intake were noted between CTRL and FR50 male rats (data not shown), suggesting that the mild hyperphagia observed immediately after weaning is only transient.
Obesity-related genes mRNA expression in hypothalami and WAT of PND21 pups. RT-qPCR experiments were carried out to compare mRNA levels of 84 genes, already known to be implicated in obesity, both in hypothalami (Fig. 3A and Table 3 ) and in gonadal WAT (Fig. 3B and Table 4 ) of PND21 CTRL and FR50 pups. Surprisingly, MPU did not significantly affect the hypothalamic mRNA levels of these genes, since the majority of spots lay close to the line of identity (Fig. 3A) . In the hypothalamus, only five genes seem to be upregulated and one downregulated in FR50 hypothalami (Fig. 3A and Table 3 ). However, since their level of expression is weak, further analyses will be required to assess the physiological significance, if any, of these variations. As already reported in human VATs (58), we show that most genes encoding neuropeptides and their receptors known to be implicated in the regulation of energy expenditure are also expressed in rat gonadal WAT (Fig. 3B) . The expression of many of these genes is modulated by MPU in PND21 WAT, suggesting that several orexigenic and anorexigenic systems might play a complex role on adipose tissue function (Table 4) . For example, NPY, somatostatin, and peptide YY (PYY) mRNA levels are hugely upregulated (26.4-, 104.3-, and 44.8-fold, respectively) by MPU in PND21 pups, whereas other genes, such as calcitoninrelated peptide (20.1-fold), galanin (10.4-fold), interleukin-6 (36.6-fold), and leptin (9.7-fold) showed a markedly decreased expression (Table 4 ). FR50 PND21 WAT exhibited a dramatic increased expression of the "brown adipocyte specific gene" UCP1 (376.4-fold) associated with a modest augmentation of PGC-1␣ and peroxisome proliferator-activated receptor-␣ (PPAR-␣) mRNA levels (3.8-and 13-fold, respectively). These results were confirmed using RT-qPCR on individual samples, since both UCP1 (ϳ800-fold) and NPY (ϳ20-fold) mRNA levels have been shown to be upregulated in PND21 FR50 gonadal fat pads compare with PND21 CTRL WAT (Fig. 3C) .
Histology of adipose tissues. We first performed histological examinations of both FR50 (n ϭ 7 animals) and CTRL (n ϭ 6 animals) adipose tissues. In CTRL animals, typical unilocular white adipocytes are already present in PND10 gonadal WAT (Fig. 4A) . A similar phenotype was observed in both PND21 (Fig. 4B) and PND30 (Fig. 4C ) CTRL WAT. In contrast, FR50 PND21 gonadal WAT contained almost exclusively multilocular adipocytes (Fig. 4E) that show a similar phenotype to brown adipocytes present in iBAT of PND21 CTRL (Fig. 4D ) and FR50 (data not shown) animals. Some rare unilocular adipocytes, surrounded by numerous multilocular adipocytes, were occasionally observed in four FR50 rats. However, this phenomenon was not representative of the general phenotype of FR50 gonadal fat, since unilocular adipocytes represent Ͻ1% of the cells examined. Finally, after weaning, PND30 FR50 gonadal WAT (Fig. 4F) is mainly composed of unilocular white adipocytes and closely resemble those present in CTRL gonadal WAT.
UCP1, NPY, and TH immunohistochemistry in adipose tissues.
To confirm the results obtained by RT-qPCR arrays at the protein level, we performed immunohistochemical analyses of NPY, UCP1, a specific marker of BAT, and TH, a specific marker of sympathetic innervation. PND21 CTRL adipose tissue showed a very weak UCP1 cytoplasmic labeling (Fig. 5A) , whereas PND21 FR50 adipose tissue was intensely labeled (Fig.  5B) . The intensity of UCP1 labeling, observed in PND21 FR50 gonadal adipose tissue (Fig. 5B ) and in CTRL PND21 BAT (Fig.  5C) , is similar. According to the results obtained for UCP1 labeling, NPY was weakly expressed in PND21 CTRL (Fig. 5D ) compared with PND21 FR50 (Fig. 5E ) gonadal adipose tissue. An intense NPY labeling was also observed in iBAT of both PND21 CTRL (Fig. 5F ) and FR50 animals (data not shown). The labeling with TH antibody was weak in both CTRL and FR50 gonadal adipose tissues (Fig. 5, G and H) . Only few fibers exhibited TH immunoreactivity, suggesting that NPY is also produced by other cell types. The intensity of TH labeling observed in FR50 gonadal adipose tissue (Fig. 5H) , and in BAT from both CTRL (Fig. 5I ) and FR50 animals (data not shown), is nearly identical. In PND30 animals, a similar labeling intensity was observed with the UCP1 and NPY antibodies, both in FR50 and CTRL gonadal WAT and in iBAT (data not shown), confirming the notion that the acquisition of brown-like phenotype in FR50 adipose tissue is only transient.
DISCUSSION
The principal finding of this study is that MPU modified the development of gonadal WAT and favored the acquisition of a brown-like phenotype in male rat at weaning. At the gene expression level, MPU induced a dramatic increase of UCP1 mRNA expression, a protein specifically produced by brown adipocytes and involved in adaptive thermogenesis. In addition, we also observed a significant augmentation of PGC-1␣ and PPAR-␣ mRNAs. These two factors play important roles in brown adipocyte function and adaptive thermogenesis, since PGC-1␣ enhances the transcriptional activity of PPAR-␣ on the UCP1 gene (4) . In line with these data, it has been shown that adenovirus-mediated expression of PGC-1␣ is sufficient to trigger the expression of UCP1 in white adipocytes (52) .
The existence of brown adipocyte-like multilocular cells in WAT depot was reported for the first time by Young et al. (59) . The emergence of these ectopic brown adipocytes in WAT is induced by cold acclimation and ␤ 3 -adrenergic stimulation. It has been observed in both adult mice (21) and rats (14) and is called recruitment. It has been proposed that some unilocular white adipocytes are "masked" brown fat cells that revert to the brown adipocyte phenotype by a phenomenon called transdifferentiation (19, 23) . Alternatively, the brown adipocyte-like multilocular cells could originate from differentiation of a specific pool of precursor cells already present in WAT (27) . In line, it has been recently reported that brown and white fat cells arise from distinct precursors and that brown adipocytes share a common origin with muscle cells (44) .
During development, a transient expression of UCP1 mRNA associated with the appearance of multilocular adipocytes has been shown recently to occur in PND10 B6 and A/J mice retroperitoneal fat (56) , indicating that brown adipocytes may appear in traditional white fat depots. Interestingly, although increases in UCP1 expression initiated at approximately the same time for both strains, the induction in B6 seemed to abort between 10 and 20 days of age, whereas UCP1 mRNA decline was not observed before 30 days of age in A/J mice. These data indicate that genetic variability affects the development of brown adipocytes in white fat. These differences were not observed in iBAT, corroborating the idea that the origin and Quantitative RT-PCR (RT-qPCR) assays of 84 obesity-related genes (Rat Obesity RT2 Profiler PCR Array, SuperArray Bioscience, Frederick, MD; http://www.superarray.com). A pool of 3 samples containing equal amounts of total RNA was realized in each group (CTRL and FR50 pups). Results are expressed as FR50-to-CTRL ratio of 2 Ϫ⌬CT (where ⌬CT is difference in cycle threshold value), and cutoff is Ͻ3 (downregulated genes) and Ͼ3 (overexpressed genes). RT-qPCR assays of 84 obesity-related genes (Rat Obesity RT2 Profiler PCR Array, SuperArray Bioscience, Frederick, MD; http://www.superarray.com). A pool of 3 samples containing equal amount of total RNA was realized in each group (CTRL and FR50 pups). Results are expressed as FR50-to-CTRL ratio of 2 Ϫ⌬CT , and cutoff is Ͻ3 (downregulated genes) and Ͼ3 (overexpressed genes).
possibly the nature of WAT brown adipocytes are different from that of BAT brown adipocytes (30, 44, 56) . In line with this suggestion, our study brings the first evidence that appearance of brown-like adipocytes in gonadal WAT is also observed in rat neonates, and that it is sensitive to maternal undernutrition. In contrast, no gross modifications of iBAT were noted between FR50 and CTRL animals. Our results suggest that, as observed in A/J mice, MPU could delay the disappearance of these brown adipocyte-like multilocular cells. Alternatively, we cannot exclude that, under normal circumstances, gonadal WAT does not contain a significant proportion of brown-like adipocytes during postnatal development, and that these atypical fat cells are indeed activated by maternal undernutrition. Accordingly, PND5 (data not shown) and PND10 CTRL neonates only possess typical unilocular white adipocytes, suggesting that these cells appear early during postnatal development of gonadal WAT.
The presence of brown-like adipocytes in rat neonates from undernourished mothers is puzzling, but it could be speculated that, in FR50 neonates, energy intake is presumably insufficient to promote adipogenesis and is redirected toward nonshivering thermogenesis to prevent hypothermia and to ensure effective adaptation to cold exposure of the extrauterine environment. This is strengthened by the fact that the velocity of growth during lactation appears drastically reduced in FR50 neonates that exhibit almost one-half of the body weight of CTRL animals at PND21. In contrast, when moving to a solid food, the white adipocytes phenotype was restored very fast (at PND30), and this was accompanied by transient hyperphagia, suggesting that the increased food intake may account for the rapid switch from brown-like adipocytes to white fat cells. These data indicate that there is a great plasticity between these two cell types (11) , which could be due to an association of excessive proliferation of rare white adipocytes present in FR50 gonadal fat depots and apoptosis/necrosis of brown-like adipocytes. This hypothesis cannot be ruled out, since rare classical unilocular adipocytes were observed in gonadal fat pads of some FR50 animals. Alternatively it could be the result of transdifferentiation of brown adipocytes into white adipocytes (12) .
The factors allowing such plasticity and/or transdifferentiation remain to be discovered. It has been proposed that rise in sympathetic innervations, ␤-adrenergic receptor density, and plasma catecholamine concentrations are likely to be the primary stimulus for the initial appearance of UCP1 (51) . In line with this idea, our laboratory has previously reported that PND21 FR50 rats exhibit high plasma basal levels of norepinephrine (34) that could thus participate, via chronic ␤-adrenergic stimulation, in the remodeling of WAT into the thermogenically active brown fat. The huge decrease of leptin (15) and insulin plasma levels (nonpublished data) observed in FR50 pups during lactation could also participate in the delayed development of gonadal adipose tissue. It has been shown that insulin is able to promote differentiation of preadipocytes into white fat cells (22) , whereas leptin seems to exert diverse physiological roles on adipose tissue. It has been reported that adipocyte-selective reduction of leptin receptors leads to increased adiposity, indicating that leptin exerts lipolytic effects via autocrine/paracrine mechanisms (24) . In addition, adenovirus-induced hyperleptinemia depletes body fat in normal rats and induces striking upregulation of PGC-1␣ and UCP1 in adipocytes (52) . Since PGC-1␣ and UCP1 overexpression are also observed in FR50 pups, one could speculate that the low leptin plasma levels observed in FR50 pups (15) may be sufficient to exert lipolytic action in adipose tissue.
Another important point of our study concerns the demonstration that, as already reported in human VAT (58), many mRNAs encoding peptide precursors, receptors, and proteins involved in the regulation of feeding behavior, obesity, and energy expenditure are present in the nonvisceral gonadal fat pads. To our knowledge, we provide the first evidence that several of these genes (33 among 84) are expressed in brownlike fat pads and are regulated by MPU. Surprisingly, MPU did not substantially modify their expression in the hypothalamus, where only six genes show a differential expression between FR50 and CTRL PND21 pups. These results suggest that gonadal adipose tissue is a very sensitive target of MPU, reinforcing the idea of the existence of a brain-sparing effect under suboptimal nutritional conditions (33) . The physiological significance of appetite-regulating related peptides in adipose tissue remains to be determined, but it has been suggested that they could act in an autocrine/paracrine manner to regulate adipocyte metabolism and/or as endocrine signals at multiple distant sites to regulate energy homeostasis (26) . Interestingly, several neuropeptide precursors, as well as their respective receptors (complete list available at www.sabiosciences.com/ rt_pcr_product/HTML/PARN-017A.html) are expressed in gonadal fat of both PND21 FR50 and CTRL pups, indicating that these neuropeptides may exert physiological functions remaining to be discovered in adipose tissue.
Among these neuropeptides, we show that MPU drastically enhanced the mRNA expression of PYY (ϳ45-fold), somatostatin (somatotropin release-inhibiting factor, ϳ105-fold), and NPY (ϳ30-fold) in gonadal fat pads. While somatostatin has been demonstrated to exert lipolytic function on isolated adipocytes (47), PYY and NPY are potent antilipolytic factors (53) , suggesting that a complex balance between lipolysis and lipogenesis is present in PND21 brown-like cells. The increased NPY and PYY gene expression in PND21 FR50 gonadal fat could be required to initiate transdifferentiation into typical white fat that occurs as soon as PND30. In line with this hypothesis, it has been shown recently that NPY is produced in visceral tissue and promotes proliferation of adipocyte precursor cells in vitro (57) . NPY endogenous production has been recently reported both in mouse (29) and human (28) subcutaneous abdominal tissue, as well as in rat VAT, but we provide, to our knowledge, the first evidence that NPY gene is indeed expressed in brown-like adipose tissue. NPY protein has already been reported to be produced in BAT, but it was thought to be mainly released by catecholaminergic nerve fibers (16) . Although our results demonstrate that NPY gene is expressed in gonadal fat pads, we cannot rule out that catecholaminergic fibers contribute to NPY immunoreactivity observed in FR50 and CTRL adipose tissues. Apart from their role as autocrine/paracrine regulators of adipocyte metabolism, several neuropeptides produced by fat pads could act on the hypothalamic arcuate nucleus (ARH) to modulate feeding behavior, as well as energy metabolism regulation. In line with this hypothesis, it has been recently proposed that peripheral peptides may easily reach ARH via different ways. In addition to the presence of a weak blood-brain barrier (36) , the existence of fenestrated capillaries has also been suggested at the ARH level (13) . More recently, it has been reported that peripheral peptides may target ARH via the cerebrospinal fluid (35, 43) . In addition, the existence of a sensory WAT pathway to the brain has been reported (50) . In view of these recent reports, we cannot exclude that adipocyte-secreted neuropeptides may participate in the hyperphagia observed immediately after weaning, as well as in the altered POMC neurons fiber projections in PND21 FR50 rats (15) .
Perspectives and Significance
Our study brings the first evidence that MPU impedes the normal development of gonadal adipose tissue in male rat at weaning. It demonstrates that a brown-like adipose tissue phenotype is predominant in offspring from undernourished mothers, presumably to warrant an adequate thermogenesis required for their survival, although the thermogenic capacity of these adipocytes remains to be definitely proven. Since several neuropeptides and/or their receptors are present in gonadal adipose tissue, cell culture experiments using primary rat adipocytes, as well as 3T3-L1 preadipocytes, would be necessary to unravel the roles, if any, of these neuropeptides on proliferation and/or differentiation of preadipocytes/adipocytes. Our results also show that there is a rapid switch between the brown-like phenotype into a classical WAT in FR50 gonadal adipose tissue. It would be interesting to examine the mechanisms responsible for such plasticity (transdifferentiation vs. intense proliferation of rare white adipocytes associated with a rapid apoptosis of brown-like adipocytes). This could be achieved by performing a kinetic analysis (from PND20 to PND30) using both bromodeoxyuridine incorporation and terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling assay in FR50 animals. It will also be necessary to examine if the brown-like phenotype is specific to gonadal adipose tissue or is also present in other fat pads of FR50 rats. Finally, future studies will be required, to examine if this early programming of gonadal adipose tissue may have long-term consequences, rendering the offspring from undernourished mothers more susceptible to develop obesity, in particular if they are fed with a hypercaloric regimen.
